A relatively simple shake-flask system for determining C02 evolution was developed to assess the ultimate biodegradability by soil and sewage microorganisms of chemicals which enter the environment. Linear alkylbenzene sulfonates (LAS) were used as model compounds to evaluate the method and were found to undergo substantial biodegradation in this dilute system. At the 30 mg/liter test concentration, higher-molecular-weight LAS compounds were biodegraded at a slower rate and to a lesser extent than lower-molecular-weight LAS, an effect which was eliminated or greatly reduced upon incremental addition of the LAS to the test medium during the first week of incubation. LA35S was used to demonstrate rapid LAS desulfonation, and 14CO2 evolution studies with [14C]benzene ring-labeled LAS indicated concomitant biodegradation of the entire LAS molecule as well as the LAS aromatic component. The test can be employed to examine numerous compounds at the same time and is readily adapted to studies of the effect of variation in temperature and oxygen concentration on biodegradation.
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The need for assessing the microbial alteration of a molecule in various environments has stimulated development of numerous test methods (4) . Many of these test systems, particularly in the area of surfactant biodegradation, focus mainly on primary biodegradation, the microbial alteration of a molecule so that some particular property, such as foaming, colorimetric reaction, or a gas chromatographic peak, is no longer present. Hypothetically, a molecule could undergo primary biodegradation but be quantitatively converted to a recalcitrant product of different physical and chemical properties. Consequently, in an era of increasing environmental awareness there is an increased need to determine ultimate biodegradation, the extent of complete mineralization of a chemical to components such as CO2, water, and inorganic salts.
In view of the above and our need for assessing the extent of ultimate biodegradation of a large number of diverse chemicals, a more manageable, routine test procedure is required.
Since carbon is a major component of almost all of the samples we encounter, measurement of the extent of CO2 evolution or dissolved organic carbon (DOC) disappearance could be used as an index of the degree of ultimate biodegradation. The former is preferable since DOC methods are not well adapted for assays involving particulate, adsorbed, or insoluble compounds.
Other investigators (2, 5, 7, 13) have developed test methods based on CO2 evolution as an index of ultimate biodegradation. We have successfully employed the Thompson-Duthie (13) CO2-evolution test as modified by Sturm (7) for the past several years. The test vessels, however, are large (9 liter), space consuming, cumbersome to manipulate, and time consuming to set up. We required the capability of examining the biodegradability of numerous related classes of compounds at the same time and preferably in duplicate. The present paper describes a system developed and used successfully for the past 2 years in assessing ultimate biodegradability of detergent ingredients, and in particular linear alkylbenzene sulfonates (LAS). LAS represents a class of environmentally important compounds whose primary biodegradation has been studied extensively ( In studies involving 14C-labeled compounds, total CO2 trapped in the KOH was determined by either titration of a 5-ml sample with 0.25 M HCl after precipitation of dissolved CO2 by 5 (Table 2) Sturm (7) in his studies with 9-liter bottles, indicating the comparability of our method with his. Briefly, our work and that of Sturm indicated substantial CO2 evolution (>65% of theoretical) as a result of microbial degradation of linear primary and secondary alcohol ethoxylates. Changing the alkyl chain length in the range of 0s to C20 and the ethoxylate chain length in the range of 03 to C,, ethoxylate groups had little effect on the rate and extent of CO2 evolution. Branched C8 alkyl phenol ethoxylates were poorly biodegraded (<20% CO2 evolution) in our shake-flask system and the bottle test used by Sturm (7) .
Anionic surfactants. In contrast to rates of degradation of the nonionic surfactants, the rates of ultimate biodegradation of commercial LAS products (Fig. 2) and pure LAS homologues (Fig. 3) were significantly affected by alkyl chain length. Rates and extents of C02 formation from higher-molecular-weight commercial (C12.8 avg to C13. logue (C13 to C15) LAS products were less than those for the lower-molecular-weight LAS products at the 30 mg/liter test concentration. However, the reduced susceptibility of longerchain-length species to microbial degradation may represent a concentration effect, as has been reported in earlier studies of LAS primary biodegradation (10), and can be eliminated or greatly reduced by incremental addition of the surfactant to the test medium during the first week of study (Fig. 4) . Commercial LAS products (Fig. 2) were also mineralized at slower rates, and lesser quantities of C02 were evolved from these compounds than from corresponding pure LAS homologues (Fig. 3 ) of similar alkyl chain length. The presence of higher-molecular-weight LAS homologues in commercial products (Table 2 ) may explain this effect.
From these results it is evident that within the time period of the test, C02 evolution values alone cannot yield a precise assessment of the degree of ultimate biodegradation. To oretical indicate substantial progress toward ultimate biodegradation, whereas little or no CO2 evolution may indicate recalcitrance.
Measurement of the extent of DOC removal is also practical in a large-scale screening program, and such information can supplement knowledge gained from CO2 evolution studies in assessing the extent of ultimate biodegradation of chemicals that do not have a tendency to adsorb to particulate materials in the test system. Table 4 indicates that the extent of DOC removal from LAS products was also influenced by alkyl chain length as indicated by the greater quantity of residual carbon present in media receiving longer chain-length LAS products. The assay system was extremely "dilute" with regard to both nutrients and inoculum, being purposely designed to show these rate differences. Residual DOC may not indicate recalcitrant material. Swisher noted 94 to 97% removal of the DOC of both high-and low-molecular-weight LAS compounds in acclimated sewage conditions (12) Monitoring the biodegradation of appropriately radioactively labeled compounds provides a sensitive means for detecting rates of biodegradation of specific portions of a complex organic molecule. Although a previous study by Swisher (11) measuring changes in ultraviolet light adsorption indicated extensive LAS benzene ring biodegradation occurred in other test systems, the use of specifically radiolabeled LAS would more definitively establish the rate and extent of LAS ring desulfonation and ultimate biodegradation in the present test system. The 14C-and 5S-labeled LAS products described in Table 3 were added to the test system at a concentration of 20 mg/liter.
Values derived from studies of the degradation of '4C-labeled, formulated radioactive products of equal average alkyl chain length (Table 3, C02 LAS products D, E, and G; C13 LAS products H, I, K) were not significantly different and were, therefore, averaged for presentation in the following figures. Comparatively rapid primary biodegradation of C12 avg LAS was indicated by the slope of the curves from both the methylene blue-active substances and ether-extraction determinations (Fig. 5) . Medium DOC and 14C also decreased throughout the study. The chemical nature of residual DOC and 14C was not identified but may represent normal cellular metabolic products, 14C-labeled cells not removed by centrifugation, or more slowly degrading LAS components. Total 35S in the medium did not VOL. 30, 1975 vary significantly throughout the test, although LA35S ring desulfonation released inorganic 35S at a rapid rate (Fig. 6 ). Desulfonation occurred mostly after primary biodegradation (methylene blue-active substances, ether extractables) and to a greater extent than CO2 evolution. The non-ether-extractable 35S-labeled material remaining in the medium was not characterized but will be examined in future studies.
The ultimate biodegradation of the total LAS molecule (total CO2) was concomitant with LAS benzenie ring (4CO2) biodegradation. This observation is consistent with that of Swisher (11) and indicates that the aromatic portion of LAS is as susceptible to biodegradation as the rest of the molecule. Corresponding results of assays for the biodegradability of 14C0 and 35S-labeled C13 avg LAS-formulated products were similar to those obtained in experiments with C12 avg LAS, but with sequences occurring at slightly decreased rates (as might be expected from the results shown in Fig. 2 ). After incremental supplementation of the medium, the C13 avg LAS products were biode- 
